INTRODUCTION {#s1}
============

In spite of recent progress, prostate cancer (PCa) is still the second leading cause of cancer death in US men. PCa can be cured only if detected at an early localized stage using radical prostatectomy (RP) or radiation therapy. For recurrent or metastatic PCa, standard androgen ablation therapy usually results in initial regression of the disease. However, almost all patients will fail this therapy in the long run and develop "androgen-independent" (AI) or "castrate-resistant" PCa (CRPC), the lethal phenotype of PCa. From the clinical perspective, PCa patients even with identical stage and grade of primary localized tumor may develop very variable clinical outcomes due to the underlying differences at the molecular level. Characterization of differences in molecular signature among different patients is critical for designing personalized medicine.

A milestone discovery of PCa research in recent years was the identification of recurrent fusion of the androgen-regulated TMPRSS2 gene to the ERG gene in the majority of PCa lesions. The TMPRSS2/ERG (T/E) fusion gene is present in 40-60% of PCas, and is thus the most common genetic lesion in PCa \[[@R1]-[@R8]\]. As shown by Dr. Balk\'s group, its expression is even restored in CRPC \[[@R4]\]. The high frequency of this alteration and its important role in PCa tumor biology makes it an outstanding therapeutic target in PCa. We have shown that stable shRNA expression or siRNAs that specifically target T/E fusion transcripts significantly decrease tumor growth *in vivo* \[[@R9], [@R10]\]. Efforts are underway in our lab to search for key pathways involved in tumorigenesis of T/E fusion expressing PCa. We have shown that the T/E fusion gene can activate the NF-kB pathway by increasing phosphorylation of NF-kB p65 Ser536 (p536) \[[@R11]\].

Aberrant regulation of NF-kB pathway is believed to be a major event contributing to malignant transformation and progression of PCa \[[@R12]-[@R16]\]. Studies have shown that NF-kB plays an important role in PCa growth, survival, angiogenesis, tumorigenesis and metastatic progression \[[@R13]\]. Immunohistochemistry (IHC) studies have shown that increased nuclear NF-kB staining is a strong independent predictor of biochemical recurrence following RP \[[@R14], [@R17]\]. Studies also show the crosstalk of NF-kB and AR signaling \[[@R18]\]. Due to its highly activated status in PCa and its role in promoting PCa to CRPC and metastatic cancer \[[@R19]\], NF-kB has been proposed as a potential target for therapeutic intervention for CRPCs \[[@R12], [@R18]\]. NF-kB transcription factors have five members in mammals, among which p65 and p50 are the most abundant in the cell. Without stimulation, NF-κB is inactivated in the cytoplasm by IκB inhibitory proteins. Upon activation, IkBs are phosphorylated by IkB kinases and degraded via ubiquitination and proteasomal degradation \[[@R20]\], which allows the translocation of p65 to the nucleus where it regulates the transcription of a wide variety of genes involved in cell survival, invasion and metastasis. Many key genes regulated by this transcription factor including BCL-2, cyclin D1, MMP-9, IL-6, IL-8 and VEGF \[[@R15]\]. P65 consists of a DNA-binding and dimerization domain (RHD), nuclear localization signal (NLS) and transactivation domains (TA1 and TA2). The c-terminal 30 amino acids (TA1 domain) comprise the most important transactivation domain and NF-kB transactivation is regulated by multiple phosphorylations in this domain. The p536 phosphorylation site is located in TA1 domain and is conserved in human, mouse, chicken. Phosphorylation of p65 has been shown by many groups to enhance p65 transcriptional activity (see reviews \[[@R21]\] and \[[@R22]\]), but its function and regulation has never been studied in PCa.

We have shown that p536 is present in majority of PCa, is correlated with ERG expression and that ERG can significantly enhance phosphorylation of p65 at Ser536 *in vitro*. Since NF-kB pathway, especially p536 signaling is highly activated in T/E fusion expressing PCa, we hypothesize that p536 plays a critical, yet only partially understood, role in progression of PCas expressing the T/E fusion gene and that targeting NF-kB signaling in addition to traditional therapies may be more efficacious in this subgroup of PCa. Supporting this idea, we have shown that NF-kB inhibitor can significantly inhibit T/E fusion expressing PCa cell growth *in vivo* \[[@R23]\].

We have successfully generated a p65 mutant where serine 536 was substituted with alanine (S536A) such that it cannot be phosphorylated at Ser536 and cannot carry out Ser536 phosphorylation dependent functions \[[@R24]\], designated as nonphosphorylatable (NP) p65 mutant. We also generated two active mutants, S536D and S536E, which are the phosphomimetic mutant that mimics phospho-p65 in its activity and can be detected by anti-phospho-p65 antibody. In particular, S536D mutant has been shown to enhance p65 transcriptional activity and regulate specific genes downstream of the NF-kB pathway \[[@R25], [@R26]\]. Using these mutants, we now show that active p536 can significantly increase cell invasion through matrigel and transform PNT1a cells (an immortalized prostate normal cell line), suggesting p536 play a critical role in promoting PCa tumorigenesis. Our microarray study discovered a set of p536 regulated genes. Among them, we validated the regulation of CCL2 by p536, indicating that upregulated CCL2 signaling may be the cause of increased cell motility/invasion in T/E fusion as reported earlier \[[@R9]\] and/or in p536 overexpressing cells as shown in this study. Finally, PNT1a cells, which are not tumorigenic, can be induced to form tumors in SCID mice by overexpression of either wild type (WT) p65 or p65 S536E in the presence of myristoylated AKT demonstrating synergistic activities of NF-KB and AKT signals in promoting PCa tumorigenesis.

RESULTS {#s2}
=======

Biological effects of p536 expression *in vitro* {#s2_1}
------------------------------------------------

As we have shown previously \[[@R27]\], among all commonly used prostate cell lines, only VCaP cells show high level of p536 expression. To study the function of p65 ser536 phosphorylation, we tried to overexpress active or nonphosphorylatable p536 in VCaP cells, but due to the endogenous high level of p536 expression, we could not establish stable cell lines with significant p536 expression changes. Therefore, we choose another androgen dependant PCa cell line LNCaP and the immortalized but nontumorigenic prostatic epithelial cell line PNT1A. We established both PNT1a and LNCaP stable cell lines expressing WT p65 (S536S), p65 S536D (active p536), S536E (active p536), S536A (NP p635) or control. As shown in Fig. [1A](#F1){ref-type="fig"}, both p65 expression was similar in cell lines established with various expression constructs while p536 phosphomimetic expression (recognized by anti-p536 antibody) was high in the appropriate cell lines and no increase in p536 expression was seen in cells expressing the nonphosphorylatable S536A construct. A similar result was seen in LNCaP cell groups (data not shown). S536E group shows stronger signaling than S536D group by anti-p536 in both PNT1a and LNCaP group. Growth rates were tested and compared among all groups. After 7 days, there were only about 20-35% growth increase in WT and S536 D/E/A overexpression groups versus control groups in PNT1a cell lines. One representative result is shown in Fig. [1B](#F1){ref-type="fig"}. A similar result was seen in LNCaP cell groups (data not shown). Therefore, both WT p65 and active S536D/E alone did not show significant effects on cell growth *in vitro*.

![Biological effects of p536 in prostate cell line\
A. PNT1A cells overexpressing WT p65 (S536S), active p536 (S536D and S536E) and nonphosphorylatable S536A were infected with Lentiviruses carrying these expression constructs and negative control and stable expressors selected and pooled. Western blot shows similar level of total p65 expression and expected p536 expression in these cell lines; B. PNT1a cells as described in A were plated into 96-well plate and growth rates were compared using MTT assay. The absorbance at 570nm was recorded at 7 days after seeding using 96-well plate reader. Representative result of mean with standard deviation of triplicates is shown. C.PNT1a cells as described in A were plated into matrigel chambers. 48h later, cells on the opposite side of the membrane were stained and counted. Experiment was repeated twice. Representative result of mean with standard deviation of triplicates is shown. D. PNT1a cells generated in A were plated in soft agar. Colony formation was evaluated by counting. Mean with standard deviation of triplicates of three times is shown. E. Different sizes of colonies formed are shown. \* was indicated a statistically significant result when compared to control group. P values were shown on the top of bars between active and NP p536 groups.](oncotarget-06-6281-g001){#F1}

Increased cell motility is one of the characteristics associated with malignancy and is involved in the genesis of metastatic disease. Therefore, as a measure of cell motility and invasiveness, we assessed the ability of cells expressing WT p65, S536D, S536E or NP p65 to invade through Matrigel (Fig. [1C](#F1){ref-type="fig"}). Cells expressing the WT p65, active or NP p65 had significantly higher invasiveness through Matrigel when compared with the control cells (P\<0.05, T-test), with significant higher activities seen in active p65 groups compared to either WT p65 or NP S536 groups (P\<0.01, T-test), indicating Ser536 phosphorylation promotes invasion. NP S536A showed similar activity as wild type p65, suggesting functions of p65 independent of Ser536 phosphorylation p536 are also involved in increased invasion activities.

We next tested colony formation, a hallmark of tumorigenesis, using PNT1a cell lines. PNT1A cells are immortalized but not fully transformed and do not form colonies in soft agar. As shown in Fig. [1D](#F1){ref-type="fig"}, overexpression of WT p65 and both active p536 as well as S536A lead to colony formation in soft agar. There were many more colonies in the S536D and S536 E groups than WT p65 group (significant different, P\<0.01, T-Test). The colony sizes are also much bigger in the S536D and S536E groups compared to WT p65 and S536A groups. The size and number of colonies in S536A group were quite close to the ones in WT p65 group. Representative samples of different sizes of colonies formed are shown in Fig. [1E](#F1){ref-type="fig"}. The increased soft agar colony formation in NP p65 cell lines is probably due to increased total p65 expression, implying that p65 activities other than those dependent on p536 also contribute to colony formation. As a positive control, we used PNT1a cells expressing Huntington interacting protein-1 \[[@R28]\] which did form colonies in soft agar (data not shown).

Regulation of a set of specific NF-kB target genes by p65 Ser536 phosphorylation {#s2_2}
--------------------------------------------------------------------------------

To further understand the underlying molecular mechanisms of increased invasiveness and soft agar colony formation in S536E p65 expressing cells, microarray studies of biological duplicates were performed on control, WT p65-, S536E- and S536A-PNT1a cells, using Agilent G3 human 8x60k whole genome expression microarrays to identify the effector genes that may be responsible for phenotypic differences observed among groups. With the loess normalized data, we found 4189 gene probes significant with fold change\>1.4 (or \<0.7) for any of these 3 comparisons of WT p65 vs vector, S536E vs vector, or S536A vs vector (Fig. [2A](#F2){ref-type="fig"}). Many of these genes have been consistently reported as NF-KB/p65 regulated genes \[[@R29], [@R30]\] involved in immune response, inflammation, growth and/or cell motility, such as IL8 and IL6 (cytokine/chemokine); ICAM (cell adhesion molecule); CSF and VEGF (growth factors; and c-myc and IRF (transcription factors). Microarray data also revealed a top set of 25 genes differentially regulated between cells expressing WT and S536E p65 (heat map in Fig. [2B](#F2){ref-type="fig"}), many of which are often implicated in inflammation and cancer. For example, genes IL-1α, IL6, and CCL2 belonging to the cytokine/chemokine family, TGFβ has been previously reported to be regulated by NF-KB/p65 \[[@R29]\], and CSF3 is a reported growth factor. Selected genes including CCL2, WFDC2, LCN2 and IFI27 were confirmed in PNT1a cell RNAs by Q-RT-PCR (Fig. [3A](#F3){ref-type="fig"}). They were all significantly upregulated in S536E cells. We also confirmed several genes which are known p65 target genes but not specifically regulated by this Ser536 phosphorylation as shown in Fig. [3B](#F3){ref-type="fig"}. CCL2 (also called MCP-1) is a potent regulator of PCa cell migration and proliferation \[[@R31]-[@R34]\], and we have shown previously that NF-kB inhibitor can specially target its expression \[[@R23]\], therefore it was chosen for further investigations of its regulation by p536 in LNCaP cells. Total p65 expression levels are shown in Fig. [3C](#F3){ref-type="fig"}. As shown in Fig. [3D](#F3){ref-type="fig"}, CCL2 RNA expression was much higher in active S536D and S536E groups than in WT p65 and S536A group in LNCaP cells. Similarly, much more secreted CCL2 were detected in LNCaP cell culture medium from active S536D/S536E groups than WT p65 and S536A group (Fig. [3E](#F3){ref-type="fig"}, p\<0.01, T-test). During our validation of microarray data by Q-RT-PCR, we found some genes\' expression changes are cell context dependant. For example, IL8, a well known p65 targeted gene; its expression was highly upregulated in active p65 groups compared to WT p65 and S536A group in LNCaP cells; while its expression are highly upregulated in all p65 groups to similar levels in PNT1a-WT p65 cells. Therefore, there are definitely different responses to Ser536 phosphorylation in different cellular contexts.

![Microarray data of p536 specific regulated genes\
Gene expression microarray studies of biological duplicates were performed on control ("vector"), WT p65-("WT"), active S536E-("S536E") and nonphosphorylatable S536A- ("S536A") PNT1a cells, using Agilent G3 human 8x60k whole genome expression microarrays. A. Expression heat map (rows: genes; columns: profiled samples; yellow: high expression) for 4189 gene probes found differentially expressed (fold change\>1.4 or \<1/1.4 for each comparison profile vs each control profile) for any of the 3 p65 groups (WT, S536E, S536A) vs vector control. B. Heat map representation of a top set of 25 genes differentially expressed in S536E p65 group compared to WT p65 group (1.4-fold each WT p65 profile vs each pCDH profile, 1.4-fold each S536E profile vs each pCDH profile, and 1.4-fold each S536E profile vs each p65 profile); corresponding fold changes for these genes in each cell group are provided off to the right.](oncotarget-06-6281-g002){#F2}

###### p536 regulated gene expression validation

A. Quantitative RT-PCR validation of selected genes in vector-, WT p65-, S536E- and S536A-PNT1a cells from the list of heat map. Relative expression of CCL2, IFI27, LCN2 and WFDC2 are shown. Mean with standard deviation of triplicate determinations is shown. β-Actin was used for normalization; B. Quantitative RT-PCR validation of well known p65 regulated genes of BCL-2, cyclinD1, IL-8 and MMP9 in PNT1a cell lines; Mean with standard deviation of triplicate determinations is shown. β-Actin was used for normalization; C-D. Total p65 and CCL2 expression are accessed by real-time PCR in LNCaP cells, + vector, +WT p65, +S536D, +S536E and +S536A; β-Actin was used for normalization; E. Secreted CCL2 proteins in culture medium by LNCaP cell lines were detected by Elisa. Experiment was repeated three times. Mean with standard deviation of triplicate is shown. \* was indicated a statistically significant result when compared to control group. P values were shown on the top of bars between active and NP p536 groups.

![](oncotarget-06-6281-g003a)

![](oncotarget-06-6281-g003b)

NF-kB ser536 phosphorylation plays a role in regulating CCL2 expression {#s2_3}
-----------------------------------------------------------------------

Since evidence suggests CCL2 is a direct transcriptional target of NF-ΚB \[[@R35]\], we hypothesized that such Ser536 phosphorylation may have a direct impact on CCL2 expression. The CCL2 promoter contains 6 possible NF-kB binding sites. In order to determine the effect of Ser536 phosphorylation on CCL2 expression, we co-transfected 293t cells with pGL3-CCL2 promoter vector and different p65 expression plasmids as well as control vector. As shown in Fig. [4](#F4){ref-type="fig"}, luciferase activities were highly significantly upregulated in all p65 expression groups compared to control group, with the highest levels seen in S536D and S536E groups, confirming that p65 Ser536 phosphorylation has a potent impact on activating CCL2 promoter activity. Again, the activity level in S536A group was much higher than control group and similar as the level in WT p65 group, indicating that p65 activities not affected by Ser536 phosphorylation are also involved in regulating CCL2 expression.

To further confirm the correlation of Ser536 phosphorylation with CCL2 expression, we also accessed their expression levels in VCaP xenograft tumor samples we collected previously \[[@R9]\]. As shown in Fig. [5A](#F5){ref-type="fig"}, p536 expression was significantly decreased in T/E fusion knock down group (P\<0.05, T-test). Representative p536 IHC staining of high/moderate expression in these VCap xenograft tumors collected are shown in Fig. [5B](#F5){ref-type="fig"}. CCL2 expression was also significantly lower in sh3 group than sh (−) group by real-time PCR (Fig. [5C](#F5){ref-type="fig"}). As we reported previously \[[@R23]\] Celastrol, a novel p536 inhibitor, can also significantly target CCL2 expression. Thus, we conclude that NF-kB p65 Ser536 plays a significant role in regulating CCL2 expression and the T/E fusion, NF-kB p536 and CCL2 may form a signal pathway that promotes tumor progression.

![p536 regulates CCL2 promoter activities by luciferase reporter assay\
To determine the effect of ser536 phosphorylation on CCL2 expression, we co-transfected 293t cells with pGL3-CCL2 promoter vector and different p65 expression plasmids as well as control vectors. Luciferase activities in each group are shown. Mean with standard deviation of triplicate is shown. Experiments were repeated three times. \* was indicated a statistically significant result when compared to control group. P values were shown on the top of bars between active p536 groups vs WT or active p536 groups vs NP p536 group.](oncotarget-06-6281-g004){#F4}

![CCL2 as a p536 targeted gene confirmed in VCaP xenograft model with T/E fusion knock down\
A. Expression of p65 phospho-Ser536 in VCaP xenograft tumors without sh(−) / with sh(3) T/E fusion knockdown. IHC study using anti-p65 Ser536 antibody was performed using tumor slides and quantitated using a 0-3+ quantitation scale as described. Cases with the indicated staining indices for p65 phospho-Ser536 by IHC were scored and analyzed. Average expression levels are shown. The difference of p536 staining is significantly decreased in fusion knock down group compared to control group (P\<0.05, T-Test); B. Representative p536 staining are shown. Left panel is one of sh(−) tumor with staining index scored as +3 (high expression); right panel is one of sh(3) tumor with staining index scored as +2 (moderate expression). C. Quantitative RT-PCR validation of T/E fusion and CCL2 using RNAs from both VCaP tumor groups.](oncotarget-06-6281-g005){#F5}

Synergistic activities of both AKT and p536 in promoting tumor growth *in vivo* {#s2_4}
-------------------------------------------------------------------------------

In initial experiments, we sought to determine if PNT1a cells overexpressing p536 mutant could grow in SCID mice since they did form colonies in soft agar. We had three experimental groups of PNT1a, PNT1a-WT p65 and PNT1a-p65 S536E. Repeated twice, they all failed to survive in SCID mice by subcutaneous injection with Matrigel. Therefore, we introduced the myristoylated AKT, which is a constitutively active Akt and well known to promote PCa growth, into these PNT1a cells, expecting to see certain synergistic activities. As shown in Fig. [6A](#F6){ref-type="fig"}, cells after sorting and before injection were lysed and expression levels of activity associated proteins assessed by western blot. Each group presents similar total AKT and phosphorylated AKT levels as well as expected p536 expression levels. As shown in Fig. [6B](#F6){ref-type="fig"}, no tumor was found in PNT1a cell group, small tumors were found in AKT+WT P65 group with low tumor incidence ( 6/20=30%); while AKT+S536E group showed much bigger tumors (average weight 0.344g) and much higher tumor incidence (16/20=80%). The difference of tumor weight and tumor incidence between AKT+S536E group and other two groups were statistically significant (P\<0.01, T-Test), showing phosphorylation of p65 Ser536 play an important role in promoting tumor cells growth *in vivo*. As shown in Fig. [6C](#F6){ref-type="fig"}, we confirmed that these tumors collected were indeed SV40 positive PNT1a cells.

![p65 Ser536 phosphorylation promotes tumor growth *in vivo*\
A. We introduced the myristoylated AKT into WT p65 and S536E PNT1a cells. Cells after sorting and before injections were lysed and expression levels of makers are shown by western blot; B. One million cells were injected into each frank of mice with matrigel. Mice were sacrificed at end of two months. Mean tumor weight with standard error of each group is shown in figure. The difference of tumor weight and tumor incidence between AKT+S536E group and other two groups were statistically significant (P\<0.01, T-Test); C. IHC show positive SV40 staining indicating these tumors were indeed from PNT1a cells.](oncotarget-06-6281-g006){#F6}

DISCUSSION {#s3}
==========

Our group and others have carried out extensive studies of the incidence of T/E fusions in PCa, the various expressed different isoforms expressed as well as their biologic functions in PCa during the past a few years \[[@R2], [@R9], [@R10], [@R36], [@R37]\]. Due to the high frequency of such genetic rearrangements in PCa, patients carrying T/E fusions form the largest subgroup of PCas, and there is an urgent need to discover novel treatment options for this subgroup of patients. We have shown that knockdown of T/E fusion is a viable therapeutic approach \[[@R9], [@R10]\]. But they do not completely eliminate the tumor growth, suggesting some other signaling pathways and/or factors must also play a role there. Therefore, there has been considerable interest in understanding the mechanism by which the T/E fusion may promote progression of PCa.

We have shown previously that NF-kB signaling, via phosphorylation of NF-kB p65 Ser536, is highly activated in these T/E fusion expressing PCa cells and the absence of p536 is associated with decreased biochemical recurrence \[[@R36]\]. Aberrant regulation of NF-kB pathway is believed to be a major event contributing to malignant transformation and progression of PCa \[[@R14]\]. Therefore, we hypothesize that p536 may play a critical role in tumorigenesis in PCas bearing these T/E fusions, which has never been explored before. Our data show that active p65 Ser536 significantly promotes cell invasion through Matrigel with no obvious growth advantage seen. Most importantly, they can transform PNT1a immortalized normal prostate cells in a soft agar assay. The nonphosphorylatable form of p65 S536A group seemed to retain WT p65 basal activities, indicating that other activities of p65 not dependent on Ser536 phosphorylation also play a role in transformation. These biological activities are consistent with the oncogenic activity of the T/E fusion gene in prostatic epithelial cells and indicate the T/E gene fusion is driving neoplastic progression in part via phosphorylation of NF-kB p65 Ser536.

Due to the importance and complexity of the cellular processes regulated by NF-κB pathways, elucidating and characterizing NF-κB p536 regulated gene set will provide important insights into the role of this phosphorylation as well as identify potentially promising drug targets. Among all genes discovered by microarray study, CCL2 is the one that we are particularly interested in. CCL2 is a well known chemokine which plays a role in the clinical progression of several solid tumors including PCa \[[@R31]-[@R33], [@R38]\]. It regulates the recruitment of monocytes/macrophages and other inflammatory cells to the sites of inflammation through CCR2 receptor. Elevated CCL2/CCR2 expression was demonstrated in PCa malignancies when compared to benign prostatic tissues \[[@R32], [@R39]\]. CCR2 mRNA and protein are differentially expressed by PCa cells \[[@R31]\]. There is a growing body of research studies suggest that CCL2 can promote PCa cell proliferation, survival, migration and metastasis, as well as tumor angiogenesis \[[@R31]-[@R34], [@R38], [@R40]-[@R42]\]. Beside these direct impacts on cancer cells, the major influential role of CCL2 in the development and progression of tumor is its interaction with a variety of host cells in the microenvironment, including vascular endothelial cells, inflammatory cells and bone marrow cells (osteroblasts and endothelial cells). Importantly, CCL2 has been clearly shown to be a prominent modulator of metastatic growth in the bone microenvironment \[[@R31], [@R32], [@R43], [@R44]\], the most common site of PCa metastasis. The various functions of CCL2 promoting tumorigenesis make the CCL2 an attractive therapeutic target for PCa treatment. Studies have successfully shown that targeting CCL2 signaling using neutralizing antibody to CCL2 can significantly inhibit PCa tumor growth and migration *in vivo* including both VCaP (the only endogenously T/E fusion expressing PCa cell line) subcutaneous and intratibial injection models \[[@R39], [@R45]\]. As we reported earlier, CCL2 is upregulated in T/E fusion expressing PNT1a cells \[[@R11]\] which could result from the upregulated p536 activity in these cells. In this study, we confirmed that the p65 ser536 phosphorylation do play a role in regulating CCL2 expression in PCa cells. We also confirmed that when knock down T/E fusion in VCaP subcutaneous model as a therapy strategy, both p536 and CCL2 expression was significantly decreased \[[@R9]\]. In concordance with this, Celastrol, a novel p536 inhibitor, can also significantly inhibit VCaP tumor growth *in vivo* and target CCL2 expression \[[@R23]\]. Based on evidence presented above, we favor the concept that T/E fusion, NF-kB p536 and CCL2 may form a signaling chain. The elevated expression of p536 and CCL2 could result more aggressive behavior of cells as seen in these T/E fusion expressing cells. Since targeting T/E fusion alone cannot stop tumor growth completely, in combination of other NF-kB inhibitor and/or blocking CCL2 pathway may be an efficacious approach for this major group of PCas carrying T/E fusion.

Although we show here the strong biologic function of p536 in prostate cells, the mechanism of how p65 S536 is turned on in T/E fusion expressing PCa cells remain unknown. One possible mechanism is through TLR4 protein which can activate the NF-kB pathway and increase p536 when activated. As we reported earlier \[[@R11]\], we showed the decreased p536 when TLR4 was knocked down in PNT1a cells expressing the T/E fusion. But the detailed mechanism by which TLR4 activates p536 needs further investigation. In addition p65 Ser536 is the target of many kinases. There were multiple p65 Ser536 kinases have been described including IKKβ, RSK1, IKKα, IKKε and NAK \[[@R46]-[@R49]\]. But none of them was systematically studied in prostate system especially in T/E fusion expressing PCa. Whether these kinases involved in phosphorylation of p536 in T/E fusion expressing cells needs to be further analyzed.

It has been clear in the past a few years that T/E fusion play important function promoting PCa progression. However, expression of the T/E fusion alone cannot fully transform prostatic epithelial cells, implying the involvement of other signaling pathways. There is significant evidence from both correlative studies in human PCa and mouse models that PTEN loss / activated AKT signaling \[[@R3], [@R50]-[@R52]\] can cooperate with the T/E fusion to promote transformation. In human PCa, there are about 25% patients have PTEN genomic deletion and T/E fusion events \[[@R50]\]. As shown here, PNT1a cells overexpressing WT p65 or active p536 alone cannot survive in mice although they could form colonies in soft agar. However, tumors are seen only when activated AKT is introduced into PNT1a-WT p65 and PNT1a-p65 S536E cells, with much larger tumor seen in the latter. Our data shows that cell group with active S536E expression exhibits significantly larger tumors and much higher tumor incidence than cell group with WT p65. Since both groups show similar level of total AKT and p65, as well as phosphorylated AKT 473 and 308 sites, the larger tumors and higher tumor incidence discovered must be driven by the only difference between these two groups the phosphorylation status of p65 ser536 site. Thus p65 Ser536, which is downstream of the T/E fusion gene, is sufficient to transform PNT1a cells with activated AKT signaling, strongly implicating this pathway is transformed by the T/E fusion gene in the context of T/E fusion gene expression. One should note, these PNT1a cells are simian virus 40 (SV40) immortalized normal prostate cells. In these cells p53 and Rb family of tumor suppressors are inactivated by the expression of the T antigen \[[@R53], [@R54]\]. Therefore, these down regulated tumor suppressors may also play a synergetic role in such fully transformed activities seen in mice. Future studies using other mouse model such as orthotopic or tail vein injection (or other cell lines) to examine the possible increased invasion *in vivo* is needed, which will further confirm p536\'s effects on motility as discovered by *in vitro* data.

A number of other pathways have also been implicated in transformation driven by the T/E fusion gene. T/E fusion gene expression is clearly altered by androgen receptor (AR) signaling, but PNT1a cells do not express AR so that alterations in AR signaling are clearly not required to transform immortalized prostate epithelial cells. As described above, our data strongly implicates Ser536 phosphorylation in cooperation with AKT activation in T/E fusion driven transformation. However, how Ser536 phosphorylation interacts with pathways implicated in T/E driven transformation such as Wnt pathway alterations, Sox 9 \[[@R52], [@R55]\] etc will require further investigation.

These novel discoveries above improve our understanding and characterization of T/E fusion expressing PCa which may expedite the practice of targeted therapy according to the specific genetic profiles of tumors. Additional genetically engineered mouse models will be needed for preclinical studies exploring combination therapies targeting T/E fusion, NF-kB, CCL2 and/or AKT pathways. If successful, such novel therapy strategy will benefit more than half of PCa patients who carry T/E fusions.

MATERIALS and METHODS {#s4}
=====================

Cell culture {#s4_1}
------------

PNT1a and LNCaP cells were maintained in the RPMI with 10% fetal bovine serum (FBS) \[[@R9]\]. Human embryonic kidney-293 cell line 293t cells and 293-FT (Invitrogen) were cultured in the DMEM with 10% FBS.

Stable cell lines. Lentiviruses were obtained by collecting supernatant of 293-FT cells. PNT1a and LNCaP cells were infected by these viruses carrying WT p65, S536D, S536E and S536A. Stable cells were maintained in medium containing 200ug/ml G418.

Site-directed mutagenesis {#s4_2}
-------------------------

Single nucleotide mutagenesis was carried out according to the manufacturer\'s protocol (Stratagene, QuickChange Site-Directed Mutagenesis Kit). Briefly, primers with the target mutations were used in PCR to generate p536 site mutation S536D, S536E and S536A. Dpn1 enzyme was added to PCR products for 1 h in 37°C to digest template plasmid DNA before the transformation. Clones were sequenced to verify the mutations.

Western blotting {#s4_3}
----------------

Anti-p65 and anti-p536 were obtained from Cell Signaling Technology, Inc (Danvers, MA, USA) and were used at 1:1000 dilution for Western blotting using procedures described previously \[[@R56]\]. Blot signals were visualized using enhanced chemiluminescence (Thermo Fisher Scientific, Inc) and exposed and developed with films.

Microarray and data analysis {#s4_4}
----------------------------

Total RNA samples were extracted with RNeasy Mini Kit (Qiagen) according to the manufacture\'s recommendations. RNA quality was assessed with Nanodrop (Invitrogen). The cDNA reverse transcription and fluorescent labeling reactions were carried out using Invitrogen SuperScript Plus Direct cDNA Labeling System with Alexa Fluor S\'-Aminohexylacrylamido-dUTP. Briefly, 2ug of aRNA and Universal Human Reference RNA (Stratagene) were labeled in reverse transcription with Alexa647 and Alexa 555 aha-dUTPs respectively. After labeling, 2ug of each aRNA was mixed with 2 ug of reference RNA and purified with Qiagen MiniElute PCR Purification kit according to manufacturer\'s instructions. Eluted sample was mixed with 10× Blocking Solution and 2× HiRPM buffer (Agilent Technologies), incubated for 2 min at 95°C and hybridized on 8× 60K Whole Human Genome Oligo Microarray chip (Agilent Technologies) using SureHyb DNA Microarray Hybridization Chambers in DNA Microarray hybridization oven (Agilent Technologies) at 10 rpm, 65°C for 18 h. After hybridization, slides were washed in Gene Expression Wash Buffer 1 and 2 for 1 min. Microarrays were scanned with a dynamic autofocus microarray scanner (Agilent Microarray Scanner--G2565BA, Agilent Technologies) using Agilent-provided parameters (Red and Green photomultiplier tube (PMT) were each set at 100%, and scan resolution was set to 3 μm). The Feature Extraction Software v9.1.3.1 (Agilent Technologies) was used to extract and analyze the signals. Expression arrays were processed and loess-normalized using BioConductor. Array data have been deposited in the public Gene Expression Omnibus (GEO) database (accession number GSE63210). For each experimental group, top differentially expressed genes relative to control were defined (using fold change\>1.4 for each profile in a given p65 group---WT, S536A, or S536E---compared to each control profile), and the set of top differential genes found for any p65 group were clustered, using a supervised approach as described elsewhere \[[@R57]\]. Java TreeView (21) represented expression patterns as color maps.

Quantitative real-time PCR {#s4_5}
--------------------------

WT p65, CCL2 and β-actin primers were as described previously \[[@R2], [@R56]\]. 5 μl of the template cDNA (1:20 dilution) were used in a final reaction volume of 15ul. The Master mix for real time PCR contained 2mM MgCl2, 0.4 μM each forward and reverse primers and 7.5 μl of DNA Master SYBR GREEN (2X; ABI Company). Real-time PCR was done by using the ABI instrument from followed by a 3-step PCR protocol with different annealing temperatures and primers as shown in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}. The relative expression was calculated by ΔCt among different experimental groups normalized to β-actin expression.

Detection of secreted CCL2 {#s4_6}
--------------------------

1×10^6^ LNCaP cells expressing WT p65, S536D, S536E, S536A as well as vector control cells were plated in 60cm dishes in triplicate. Culture medium was collected 96 hour after seeding. 100ul of supernatant was used for detection of CCL2 protein level using Human CCL2 (MCP-1) ELISA Ready-SET-Go kit from ebioscience according to manufacturer\'s protocol. Experiments were repeated three times.

Transfection and NF-kB reporter assays {#s4_7}
--------------------------------------

Transient transfection was conducted in triplicate in 24-well plates using 293 cells as described previously \[[@R58]\]. The NF-kB luciferase reporter vector was obtained from Stratagene (Cat\# 219077, PathDetect, Stratagene, La Jolla, CA). Luciferase activity was determined on triplicate samples and each experiment was repeated at least three times \[[@R56], [@R59]\].

Proliferation assay {#s4_8}
-------------------

1×10^5^ cells were seeded on 24-well plates in triplicate and attached cells were counted using a cell counter as described previously \[[@R60]\]. The experiment was repeated three times. Final experiments were also confirmed by MTT assay using CellTiter 96 Non-Radioactive Cell Proliferation Assay from Promega (Cat \#G4100; Promega, WI, USA).

Soft agar assays {#s4_9}
----------------

Five thousand PNT1a cells expressing either WT p65, S536D, S536E or S536A were mixed with the 0.7% agarose (top agar) and warm 2×RPMI 1640 + 20% fetal bovine serum and plated in each well of a 6-well plate on top of the prepared 1% base agar. Plates were incubated at 37°C for 14 d before the foci were stained with 0.005% Crystal Violet and counted.

Matrigel invasion assay {#s4_10}
-----------------------

The Matrigel invasion assays were conducted in triplicate as described previously \[[@R59]\]. Each experiment was repeated 3 times.

CCL2 promoter construct {#s4_11}
-----------------------

CCL2 promoter region (2812bp) was cloned into 12AB4KRC_CCL2Prom_pMK-RQ plasmid by Life technology. This clone was digested using KpnI and SmaI and the CCL2 promoter region into pGL3-Basic vector. Plasmid was sequenced and confirmed the accuracy before any further studies.

NF-kB reporter assays {#s4_12}
---------------------

Transient transfection was conducted in triplicate in 24-well plates as described previously \[[@R58]\]. The NF-kB luciferase reporter vector was obtained from Stratagene (Cat\# 219077, PathDetect, Stratagene, La Jolla, CA). Luciferase activity was determined on triplicate samples and each experiment was repeated at least three times.

Immunohistochemistry {#s4_13}
--------------------

Immunohistochemistry (IHC) of VCaP subcutaneous tumors (Sh3 and sh (−)) was performed using anti-phospho-p65-Ser536 as described previously \[[@R11], [@R59]\]. P536 antibody was purchased from Cell Signaling (\# 3031). Nuclear staining was quantified using a Vectra™-Inform™ image analysis system (Caliper Life Sciences, Hopkinton, MA). After segmenting nuclei, we scored IHC nuclear intensity into 4 bins as 0-3+ (0: no expression; 1+: low expression; 2+: moderate expression and 3+: high expression). InForm^TM^ was then used to quantitate the number of nuclei with staining intensity in each image. The percentage in each bin was then calculated. For all studies values compared using t-test or Mann-Whitney.

Animal studies {#s4_14}
--------------

Eight-week old SCID mice were used. 1×10^6^ PNT1a cells expressing various constructs in 50ul volume were mixed with 50ul matrigel (BD Bioscience, San Jose, CA, USA) and were injected subcutaneously over each lateral flank of mice (total of two sites per mouse). In our first study, we injected PNT1a cells overexpressing WT, active or dominant negative p65 to see if p536 can transform PNT1a cell *in vivo*. However, no obvious tumor growth was found in any group. Therefore, we introduced activated AKT, another well established factor which show strong effects on promoting PCa cell growth, into these PNT1a cells using lentiviruses carrying myristoylated AKT. The lentiviral vector carrying myristoylated human AKT1 (FU-S\*AKT-CRW) was constructed in Dr.Witte\'s lab, which contains mRFP fluorescent marker. Details were described in ref \[[@R61], [@R62]\]. Lentiviruses were produced by standard protocol as described previously \[[@R9]\]. Cells were infected with virus and sorted by mRFP fluorescence. There were three groups of mice (10 mice / group; two injection sites per mouse.) injected with PNT1a-WT p65-AKT; PNT1a-p65 S536E+AKT and PNT1a control cells respectively. Tumor growth was monitored weekly. At end of 8 weeks, mice were euthanized and primary tumors were excised, weighed, and a portion of the tumor was frozen in liquid nitrogen for molecular analysis and another portion fixed and paraffin-embedded. Differences in mean tumor weight are examined by t-test. All procedures were approved by the Baylor College of Medicine Institutional Animal Use and Care Committee (IACUC protocol number \#AN-6222).

SUPPLEMENTARY MATERIAL AND TABLE {#s5}
================================
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